Control of synapse number and function in the developing central nervous system is critical to the formation of neural circuits. Astrocytes play a key role in this process by releasing factors that promote the formation of excitatory synapses. Astrocyte-secreted thrombospondins (TSPs) induce the formation of structural synapses, which however remain post-synaptically silent, suggesting that completion of early synaptogenesis may require a two-step mechanism. Here, we show that the humoral innate immune molecule Pentraxin 3 (PTX3) is expressed in the developing rodent brain. PTX3 plays a key role in promoting functionally-active CNS synapses, by increasing the surface levels and synaptic clustering of AMPA glutamate receptors. This process involves tumor necrosis factor-induced protein 6 (TSG6), remodeling of the perineuronal network, and a b1-integrin/ERK pathway. Furthermore, PTX3 activity is regulated by TSP1, which directly interacts with the N-terminal region of PTX3. These data unveil a fundamental role of PTX3 in promoting the first wave of synaptogenesis, and show that interplay of TSP1 and PTX3 sets the proper balance between synaptic growth and synapse function in the developing brain.
Introduction
During embryonic brain development, the innervation of cortical neurons by projecting axons is followed by an intense period of synapse formation. During the time window when synaptogenesis mostly occurs, a population of non-neuronal cells, the astrocytes, begin to populate the cortex and start secreting factors, such as the proteins thrombospondins (TSPs; Christopherson et al, 2005; Eroglu et al, 2009; Kucukdereli et al, 2011; Thatipamula & Hossain, 2014) and hevin (Kucukdereli et al, 2011) , that help promoting the formation of synapses. Astrocytes also potentiate presynaptic function by enhancing release probability and quantal content (Mauch et al, 2001 ) and increase postsynaptic activity through the release of factors which induce glutamate receptor localization and stabilization to the postsynaptic density (Blondel et al, 2000; Allen et al, 2012) and reviewed in Chung et al (2015) .
Notably, astrocytes contribute to the establishment of synapses also by the production of extracellular matrix (ECM) molecules (Chung et al, 2015) . Extracellular matrix provides a highly organized extracellular environment, localized to neuronal soma and dendrites and delineating synapses on neuronal surfaces (Frischknecht & Gundelfinger, 2012) . The ECM acts as a passive diffusion barrier for cell surface molecules, including neurotransmitter receptors, and thus, it contributes to the definition of plasma membrane functional domains. In the past years, strong evidence has been provided that synaptic ECM (also defined as perineuronal network, PNN) heavily contributes to the regulation of neuronal plasticity (Dityatev & Schachner, 2003) . Several ECM components, including tenascin-R (Tnr), neurocan, versican, phosphacan, brevican, Crtl1, Bral2, and HAPLN3, are expressed in a glia-dependent manner (Okuda et al, 2014; Dzyubenko et al, 2016) , whereas aggrecan expression is neuron-dependent, and hyaluronic acid (HA) synthesis is both neuron-and glia-dependent (Dityatev & Fellin, 2008) . Despite this extensive characterization, it is still unknown whether astrocytes or neurons, besides producing ECM components, also control ECM remodeling through the release of soluble factors. This would have a strong impact, given the crucial role of ECM organization in processes of synaptic function and plasticity.
Pentraxins are soluble pattern recognition molecules which critically contribute to the humoral arm of innate immunity. Pentraxin 3 (PTX3) is a prototypical member of the long pentraxin family characterized by a C-terminal pentraxin like domain and a unique Nterminal domain (Bottazzi et al, 2010; Garlanda et al, 2016) . Macrophages, neutrophils, and dendritic cells produce and release PTX3 in response to inflammatory signals (e.g., IL-1b and TNF-a) and Tolllike receptor activation (Alles et al, 1994; Doni et al, 2003; Jaillon et al, 2007; Bottazzi et al, 2010) . Among the physiological functions attributed to pentraxins, which include recognition and binding of microbial moieties and complement components, PTX3 also interacts with extracellular matrix components, such as the key HA-binding component tumor necrosis factor-induced protein-6 (TNFIP6 or TSG6) and inter-alpha-trypsin inhibitor (IaI), and participates to tissue remodeling (Salustri et al, 2004; Baranova et al, 2014; Doni et al, 2015) . In particular, PTX3 is essential for female fertility, acting on the assembly of the extracellular matrix in the cumulus oophorus through the formation of multimolecular complexes that can crosslink HA chains (Salustri et al, 2004) . Of note, PTX3 is expressed in brain, where it is induced by primary inflammatory signals (Polentarutti et al, 2000) , epilepsy (Ravizza et al, 2001) , or stroke (Zanier et al, 2011; Rodriguez-Grande et al, 2014) .
Here, we discovered that astrocyte-derived PTX3 induces functional synapse formation. In particular, PTX3 expression is developmentally regulated in the temporal window of synapse maturation, when it promotes the increase of synaptic AMPA receptors through a pathway directly involving ECM components and integrin b1.
Results

Astrocyte-derived PTX3 increases excitatory neurotransmission
Pentraxin 3 was detected by both ELISA (Fig 1A) and qRT-PCR (Fig 1B) in the healthy mouse brain, in the absence of inflammatory stimuli. The specificity of the ELISA assay used to quantify murine PTX3 (Fig EV1A) and the amplification efficiency of the qRT-PCR for the analysis of PTX3 mRNA expression (Fig EV1B-D) have been tested. PTX3 expression is dynamically regulated during brain development, being higher in late embryonic and early postnatal brain, a time window that closely correlates with the period of synaptogenesis (Reemst et al, 2016) . The presence of PTX3 in the medium of pure astrocytic, but not neuronal, cultures defines the glial origin of the molecule (Fig 1C) . In addition, analysis of Ptx3 mRNA by qRT-PCR in the corresponding cellular lysates indicates that astrocytes, but not neurons, produce and release PTX3 (Fig 1D) .
The developmentally regulated expression of PTX3 in a time window coinciding with synaptogenesis suggests a role for the protein in synapse formation and maturation, as already described for other synaptogenic, astrocyte-derived molecules (Eroglu et al, 2009; Pyka et al, 2011) . To investigate this possibility, recombinant PTX3 (1 lg/ml) was applied to 14DIV hippocampal neurons maintained in the presence of the anti-mitotic agent arabinoside C (AraC), to avoid astrocyte contamination, and synapse formation was assessed 48 h later by electrophysiological recording of miniature synaptic activity and confocal microscopy. Application of PTX3 significantly increased the frequency and amplitude of glutamatergic miniature synaptic events (Fig 2A-C) . This increase occurred in the absence of changes in the density of glutamatergic synapses (Fig EV2A and B) , size of pre-and postsynaptic puncta (Fig EV2C) , density of dendritic spines (Fig EV2D and E) , and synaptic protein expression levels (Fig EV2F) . These data indicate that PTX3 alters synaptic basal transmission without affecting the number of synapses-not even if chronically applied, i.e., from DIV 7 to DIV 14 E15 vs. P14 **P = 0.001, E15 vs. P28 *P = 0.022, E15 vs. P90 **P = 0.002; P0 vs. P14 $ P = 0.013, P0 vs. P90 $ P = 0.016; four animals for each time point. (B) qPCR fold change normalized on E15, E15 = 1.037 AE 0.154, P0 = 0.711 AE 0.094, P7 = 0.472 AE 0.0524, P14 = 0.135 AE 0.007, P28 = 0.168 AE 0.020, P90 = 0.183 AE 0.029. One-way ANOVA followed by post hoc Tukey test: E15 vs. P7 ***P = 0.0001, E15 vs. P14 ****P < 0.0001, E15 vs. P28 ****P < 0.0001, E15 vs. P90 ****P < 0.0001; P0 vs. P14 $$$ P = 0.0007, P0 vs. P28 $$ P = 0.001, P0 vs. P90 $$ P = 0.002; four animals for each time point. C, D Quantitation of PTX3 levels in pure astrocyte and neuronal cultures. (C) ELISA assay performed on astrocyte and neuronal culture medium and (D) real-time qPCR performed on astrocyte and neuronal lysates. Only astrocytes release PTX3 (ELISA, astro = 3.699 AE 1.129, neu = N.D., not detectable. Three independent astrocyte cultures evaluated. qPCR astro = 1.167 AE 0.288; neu = 0.148 AE 0.057; Mann-Whitney test **P = 0.0095. Two independent neuronal cultures evaluated. Data are presented as mean AE SEM.
( Fig EV2G-I ). Similar to controls, PTX3-treated neurons showed paired-pulse facilitation in response to EPSCs elicited by two closely spaced action potentials (50 ms interval), although the EPSC2/ EPSC1 ratio was slightly decreased (EPSC2/EPSC1 = 1.502 AE 0.051 N = 13 for Ctr and EPSC2/EPSC1 = 1.277 AE 0.065 N = 14 for PTX3. Student's t-test, P = 0.012. Data are expressed as mean AE SEM), suggesting that a presynaptic effect is unlikely. Also, PTX3 did not affect the GABAergic inhibitory synapse number (Fig EV3A-C) nor their function (Fig EV3D-F) , indicating that its action is specific for the excitatory neurotransmission.
PTX3 promotes AMPA receptors recruitment at the synapse
The enhanced excitatory synaptic activity could result from an increased number of AMPA-type glutamate receptors (AMPARs) inserted at the synaptic level (O'Brien et al, 1998; Chater & Goda, 2014) . To investigate this possibility, surface AMPARs were labeled by live staining with an antibody specifically recognizing the extracellular domain of GluA receptors (here on called GluA) 48 h after culture exposure to PTX3. Neuronal cultures were then examined by confocal microscopy upon staining for Bassoon, to identify the presynaptic active zones, and for tubulin, to visualize the neuronal processes. Given that the number of synapses does not differ between vehicle-treated and PTX3-treated cultures (Fig EV2A and  B) , Bassoon was used as a reference marker. Quantitation of the percentage of juxtaposed Bassoon and surface GluA puncta relative to the total presynaptic sites (surface GluA&Bsn/Bsn) revealed that exposure of hippocampal neurons to PTX3 increases the amount of surface AMPARs at the synapse (Fig 2D and inset, and Fig 2E) . Exposure to heat-inactivated recombinant PTX3 (1 lg/ml) did not change the amount of GluA receptors, whereas application of TTX (1 lM, 24 h), which silences neuronal network activity and induces AMPAR insertion at the synapse (Wierenga et al, 2006; Turrigiano, 2008) , increased, as expected, the amount of surface AMPAR ( Fig 2D and E) . Notably, no effect was observed within 1 h of stimulation with PTX3 (Fig 2F) , suggesting that PTX3-induced AMPAR insertion at the synapse may involve long-term signaling cascades. In order to investigate whether the PTX3-dependent AMPAR insertion occurs specifically at synaptic sites, we quantified the total surface levels of GluA subunits. No changes in the total expression levels of GluA subunits (GluA1, GluA2/3, and GluA4) were induced by PTX3 as shown by quantitative Western blotting analysis (Fig EV4A) . Also, the levels of surface GluA determined by biotinylation followed by Western blotting were not affected by PTX3 (Fig EV4B) . Consistently, whole-cell patch-clamp quantitation of the total AMPAR current density upon agonist application revealed no differences in total AMPA current density before or after PTX3 application (Fig EV4C and D) . These results indicate that PTX3 specifically regulates excitatory neurotransmission by selectively promoting postsynaptic AMPAR clustering.
Pentraxin 3 is a large 340-kDa protein, predominantly assembled in a multimeric complex of 8 protomers (45 kDa) linked by interchain disulfide bonds (Bottazzi et al, 1997; Inforzato et al, 2008) . The C-and N-terminal protein domains of PTX3 play distinct and specific roles (for a review, see Bottazzi et al, 2010) . The N-terminal domain binds FGF2, inter-a-inhibitor (IaI), TNF-a-induced protein 6 (TNFAIP6 or TSG-6; Scarchilli et al, 2007; Leali et al, 2009 ), the Cterminal pentraxin domain binds C1q and P-selectin (Bottazzi et al, 1997; Nauta et al, 2003; Deban et al, 2010) , whereas both domains have been implicated in the interaction of PTX3 with complement factor H (FH), a major soluble inhibitor of the complement system (Deban et al, 2008) . To identify the region of PTX3 responsible for postsynaptic potentiation, neuronal cultures were exposed to equimolar concentrations of either C-or N-terminal fragments of PTX3 (see Materials and Methods; Scarchilli et al, 2007) . mEPSC frequency and amplitude were evaluated by patch-clamp recording, while the surface synaptic GluA receptor clustering was assessed by confocal microscopy. Differently from neuronal pentraxins (NPTXs), which promote GluA clustering through their C-terminal pentraxin domain (O'Brien et al, 1999 (O'Brien et al, , 2002 Xu et al, 2003; Sia et al, 2007; Lee et al, 2017) , the N-terminal but not the C-terminal fragment of PTX3 elicited a significant increase of mEPSC frequency (Fig 2G and  H) and a slight, although significant, increase in amplitude (Fig 2I) , along with the enhancement of the synaptic surface GluA (Fig 2J  and K) . The lower efficacy of the N-terminal PTX3 fragment, as compared to the full-length PTX3 protein, in potentiating mEPSC frequency and amplitude (compare panel 2H with 2B, and 2I with 2C) , is in line with the lower molecular stability of PTX3 fragment in the absence of the protein C-terminal domain (Bottazzi et al, 2010) . Furthermore, no significant change of NP1, NP2, and glypican 4 mRNA levels has been detected in neuronal cultures treated with PTX3 (1 lg/ml, 48 h; Fig EV4E) indicating that PTX3 does not affect NPTXs and glypican 4 expression in neurons.
PTX3-dependent AMPAR clustering requires an intact perineural network
We next aimed at investigating the mechanisms by which PTX3, through its N-terminal domain, regulates the clustering of GluA receptors. Indeed, the N-terminal domain of PTX3 has been found to be fundamental for a proper organization of the HA-rich ECM in the cumulus oophorus through the interaction with the key HA-binding components TSG6 and IaI (Salustri et al, 2004; Scarchilli et al, 2007; Baranova et al, 2014) . Brain ECM, also called perineural network (PNN), plays a crucial role in synapse development as well as in AMPAR stability and mobility (Dityatev et al, 2007 (Dityatev et al, , 2010 . IaI and TSG-6 are present in the CNS (Bertling et al, 2016; Chen et al, 2016) , opening the possibility that the PTX3-dependent regulation of GluA content at the synapse may involve PNN remodeling processes. To examine whether PTX3 affects PNN organization, the ◀ Figure 2 . PTX3 increases excitatory glutamatergic neurotransmission by promoting AMPA receptors insertion at the synapse.
A Representative mEPSC traces recorded from control and PTX3-treated (1 lg/ml; 48 h) neurons. B mEPSC frequency quantitation (Hz, Ctr = 0.618 AE 0.069; PTX3 = 1.991 AE 0.313; number of neurons: Ctr = 22, PTX3 = 16; three independent experiments, MannWhitney test, data are presented as a distribution plus mean AE SEM). C mEPSC amplitude quantitation and cumulative probability distribution of mEPSC amplitudes (pA, Ctr = 12.76 AE 0.813; PTX3 = 16.07 AE 0.709. Number of neurons: Ctr = 22, PTX3 = 16; three independent experiments, Mann-Whitney test. Data are presented as a distribution plus mean AE SEM). Cumulative probability distributions are analyzed by Kolmogorov-Smirnov test. D Representative images showing 14DIV neurons stained for surface AMPAR (GluA, green), the presynaptic protein Bassoon (blue), and tubulin (red) in the different tested conditions. Arrowheads point to postsynaptic GluA clusters. Inset: Example of surface synaptic AMPARs cluster (GluA&Bsn). Scale bar: 5 lm. E Quantification of the surface synaptic AMPARs (GluA&Bsn) normalized to the total number of Bsn shows a statistically significant increase after TTX or PTX3 exposure (Ctr = 1 AE 0.051, TTX = 1.512 AE 0.080, PTX3 = 1.294 AE 0.081, PTX3 heat-inactivated = 0.959 AE 0.044; number of fields examined: 27, 36, 37, 22, 19, respectively; one-way ANOVA, P < 0.0001, followed by post hoc Tukey test for multiple comparison as indicated in figure; three independent experiments, data are presented as normalized mean values AE SEM). F One hour of PTX3 administration is not sufficient to elicit an increase in synaptic GluA content (Ctr: 1 AE 0.065, PTX3: 1.023 AE 0.068; number of fields: Ctr = 26, PTX3 = 26; unpaired t-test, three independent experiments, data are presented as normalized mean values AE SEM). G Representative mEPSC traces recorded from control, C-term PTX3 fragment-treated, or N-term PTX3 fragment-treated cultures. H mEPSC frequency quantitation (Hz, Ctr = 0.668 AE 0.078; C-term = 0.523 AE 0.056; N-term = 1.228 AE 0.121. Number of neurons: Ctr = 23, C-term = 10, N-term = 23;
three independent experiments. Kruskal-Wallis test, P < 0.0001 followed by Dunn's test as indicated, data are presented as a distribution plus mean AE SEM). I mEPSC amplitude quantitation (pA, Ctr = 16.81 AE 0.78; C-term = 15.79 AE 1.37; N-term = 19.78 AE 0.87. Number of neurons: Ctr = 23, C-term = 10, N-term = 23;
three independent experiments. One-way ANOVA, P = 0.013 followed by post hoc Tukey test as indicated in figure, data are presented as a distribution plus mean AE SEM) and cumulative probability distribution of mEPSC amplitudes (Kolmogorov-Smirnov test). J Representative images of 14DIV neurons stained for surface AMPARs (GluA, green), the presynaptic protein Bassoon (blue) and tubulin (red) in the different tested conditions. Arrowheads point to postsynaptic GluA clusters. Scale bar: 5 lm. K Quantification of the surface synaptic AMPARs normalized to the total number of Bsn shows an increase upon N-terminal peptide application, but not upon Cterminal peptide exposure. TTX is used as positive control (Ctr = 1.000 AE 0.066, TTX = 1.395 AE 0.113, C-term = 0.717 AE 0.047, N-term = 1.349 AE 0.069. Number of fields examined: 55, 31, 18, 54, respectively; one-way ANOVA, P < 0.0001 followed by post hoc Tukey test as indicated in figure; at least three independent experiments, data are presented as normalized mean values AE SEM).
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The EMBO Journal 38: e99529 | 2019 ª 2018 The Authors synaptic distribution of the HA-ligand aggrecan, a main component of the PNN, also known as chondroitin sulfate proteoglycan 1, was analyzed. An increase of aggrecan co-localization with PSD95 and bassoon, assessed by quantitation of both integrated density and mean intensity of aggrecan staining, was detected in neuronal cultures upon PTX3 exposure (Fig 3A-C) . No changes were observed in the total area of aggrecan signal, thus suggesting that PTX3 induces a remodeling rather than a variation in the amount of PNN (Fig 3A and D) . To investigate whether the synaptic GluA clustering induced by PTX3 resulted from a modulation of PNN architecture, neuronal cultures were exposed overnight (i.e., 14-16 h) to hyaluronidase (HAse, 8 U/ml), which destroys the extracellular matrix, as demonstrated by the loss of aggrecan signal (Fig 3E) . Notably, HAse prevented the PTX3-induced increase of GluA receptors at the synapse (Fig 3F and G ). These data demonstrate that an intact PNN is necessary for PTX3-mediated regulation of GluA content at the synapse.
To directly demonstrate that PTX3 action occurred through PNN remodeling, neurons genetically lacking the key HA-binding component and PTX3 interactor, TSG6 (TSG6 KO) (Fulop et al, 2003; Salustri et al, 2004) , and their WT littermates controls were exposed to PTX3 (1 lg/ml for 48 h) and subsequently analyzed by confocal microscopy and patch-clamp electrophysiology. PTX3 application to TSG6 KO neurons failed to increase surface synaptic AMPARs, while being effective in WT cultures (Fig 3H and I) . Of note, TSG6 KO cultured neurons exposed to 1 lM TTX for 24 h displayed increased synaptic GluA content (Fig 3H and I) , thus excluding that lack of TSG6 induces per se a more general impairment of AMPAR trafficking. Finally, consistently with the lack of surface AMPAR increment, electrophysiological recordings of miniature excitatory activity revealed a PTX3-dependent increase of mEPSC frequency and amplitude in WT but not TSG6 KO littermates cultures (1 lg/ml PTX3 for 48 h; Fig 3J-L) . Altogether, these data further demonstrate that PTX3 regulates synaptic AMPARs through the remodeling of ECM surrounding excitatory synapses and identify TSG6 as a key molecular factor involved in this process.
b1-Integrin and ERK1/2 mediate PTX3-induced recruitment of AMPA receptors at the synapse To define the molecular mechanisms through which the PTX3-induced remodeling of PNN results in the recruitment of AMPARs at the synapse, we investigated the possible involvement of integrins, heterodimeric transmembrane receptors for ECM proteins, which play a crucial role in regulating synaptic transmission and plasticity. Some integrin subunits, such as b3, are enriched at synapses (Pinkstaff et al, 1999; Chavis & Westbrook, 2001; Chan et al, 2003; Shi & Ethell, 2006) and have been involved in GluA2-containing AMPAR trafficking (Cingolani et al, 2008; Pozo et al, 2012) . Of note, incubation of neurons with a specific anti-integrin b1-monoclonal antibody (aCD29) completely prevented the PTX3-dependent increase of synaptic GluA content ( Fig 4A and B) , indicating that b1-containing integrins are involved in the process of AMPARs recruitment induced by PTX3. To define whether integrins control AMPAR trafficking either directly or through downstream signaling pathways (Pozo et al, 2012; Park & Goda, 2016) , we focused on the possible involvement of ERK1/2. In line with an increased levels of phospho-ERK1/2 in neurons upon PTX3 application (Fig 4C) , blockade of ERK1/2 phosphorylation through the specific MEK1 inhibitor, PD98059, completely prevented the PTX3-induced increase of mEPSC frequency and amplitude (Fig 4D-F) as well as the synaptic ▸ Figure 3 . An intact perineural network is necessary for GluA recruitment to the postsynaptic membrane.
A
Low and high magnification images of control and PTX3-treated neurons stained for the PNN main component, aggrecan (red), the synaptic proteins PSD95 (green), and Bsn (blue). Scale bar: 5 lm. B-D PTX3 application induces a remodeling of the PNN in culture, as assessed by the increase mean intensity and integrated density value of the synapse-co-localizing aggrecan signal, whereas no difference in the total area of aggrecan is evident (integrated density: Ctr = 1 AE 0.103, PTX3 = 1.874 AE 0.197; mean intensity: Ctr = 1.000 AE 0.088, PTX3 = 1.556 AE 0.107; total area: Ctr = 1 AE 0.179, PTX3 = 0.982 AE 0.149. Number of fields examined: 26 Ctr, 22 PTX3; Mann-Whitney test; three independent experiments, data are presented as normalized mean values AE SEM). E Overnight treatment with hyaluronidase destroys PNN as shown by immunofluorescence for aggrecan (red), DAPI (cyan), and bIII tubulin (green) and confocal analysis. Scale bar: 20 lm. F Representative images showing 14DIV neurons stained for surface AMPARs (GluA, green), the presynaptic protein Bassoon (blue), and tubulin (red) in the different tested conditions. Arrowheads point to postsynaptic GluA clusters. Scale bar: 5 lm. G HAse treatment blocks PTX3-induced synaptic surface AMPA receptors clustering (Ctr = 1.000 AE 0.075, PTX3 = 1.425 AE 0.088, PTX3+HAse = 0.961 AE 0.053, HAse = 1.080 AE 0.087. Number of fields examined: 37, 23, 53, 28, respectively; Kruskal-Wallis test, P = 0.0004 followed by post hoc Tukey test as indicated in figure; three independent experiments, data are presented as normalized mean value AE SEM). H Representative images showing 14DIV WT and TSG6 KO neurons stained for surface AMPARs (GluA, green), the presynaptic protein Bassoon (blue), and tubulin (red) in the different tested conditions. Arrowheads point to postsynaptic GluA clusters. Scale bar: 5 lm. I Synaptic surface GluA quantitation showing no effect of PTX3 treatment in TSG6 KO cultures. On the contrary WT cultures (from littermates) display increased surface GluA&Bsn/Bsn upon PTX3 treatment. A significant enhancement of surface GluA receptors was induced by TTX in both TSG6 KO and WT cultures (WT = 1 AE 0.06; WT+PTX3 = 1.389 AE 0.113; WT+TTX = 1.698 AE 0.109; Number of fields examined: 40, 39, 32 respectively; Kruskal-Wallis test P < 0.0001 followed by post hoc Dunn's test. TSG6 KO = 1.000 AE 0.047; TSG6 KO+PTX3 = 0.979 AE 0.048; TSG6 KO + TTX = 1.363 AE 0.077. Number of fields examined: 54, 57, 29 respectively; one-way ANOVA, P < 0.0001 followed by post hoc Tukey test as indicated in figure. n = 3 independent experiments, data are presented as normalized mean values AE SEM). J Representative mEPSC traces recorded from WT and TSG6 KO littermates cultures treated or not with PTX3 (1 lg/ml for 48 h). K On the contrary of WT cultures, mEPSC frequency quantitation shows no increase in frequency in TSG6 KO cultures when treated with PTX3 (normalized frequency, WT Ctr: 1.000 AE 0.074; Wt + PTX3 = 1.912 AE 0.289; TSG6 KO Ctr = 1 AE 0.079; TSG6 KO + PTX3 = 1.226 AE 0.096; 22, 20, 30, 24 cells, respectively, 6 TSG6 KO mice and 4 WT littermates. One-way ANOVA test P = 0.002 followed by post hoc Dunn's test, data are presented as normalized mean AE SEM plus the distribution). L Cumulative probability plot of mEPSC amplitude and average mEPSC amplitude quantitation (inset) showing no difference in amplitude (WT Ctr: 1.000 AE 0.034, Wt + PTX3 = 1.069 AE 0.046, TSG6 KO Ctr = 1.000 AE 0.028; TSG6 KO + PTX3 = 1.074 AE 0.67; 22, 20, 30, 24 cells, respectively, 6 TSG6 KO mice and 4 WT littermates. One-way ANOVA test P = 0.817 followed by post hoc Dunn's test, data are presented as normalized mean AE SEM plus the distribution. Cumulative distribution is analyzed by Kolmogorov-Smirnov test).
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AMPARs recruitment (Fig 4G and H) . These experiments indicate that b1 integrin and ERK1/2 pathways are both involved in the PTX3-mediated GluA clustering; however, they do not help to define whether they are linked or act as independent pathways in this process. To investigate this issue, we evaluated the effect of the concomitant blockade of b1-integrin and ERK1/2 activation on the postsynaptic receptor clustering induced by PTX3 application. The results indicated that the simultaneous inhibition of b1 and ERK1/2 signaling pathway by co-incubation with aCD29 and PD does not induce additive effects with respect to single aCD29 or PD applications ( Fig 4I) . Indeed, the inhibition of each of the two pathways individually produced an almost complete blockade of the PTX3-induced effect. These data demonstrate that PTX3 induces postsynaptic AMPAR recruitment by promoting PNN remodeling through the involvement of b1-containing integrin-ERK1/2 signaling pathways.
PTX3 activity is inhibited by thrombospondin-1 through direct interaction
Given the temporal coincidence of the expression patterns of PTX3 (our study) and TSPs ( 6 of 20
The EMBO Journal 38: e99529 | 2019 ª 2018 The Authors groups: group A, including TSP1 and TSP2 (see Fig 5C for a schematic representation of the multi-modular organization of TSP1), and group B, including TSP3, 4, and 5. The major differences between the two groups are the presence of von Willebrand type C domain (vWC) and the type I thrombospondin repeats in the group A members and of four rather than three EGF-like repeats in group B members (Carlson et al, 2008) . We found that PTX3 directly interacts with TSP1 and TSP2, but not TSP4 (Fig 5A) , mainly through the PTX3 N-terminal domain (Fig 5B) . To map the region of TSP1 recognized by PTX3, proteolytic fragments and recombinant proteins comprising different thrombospondin modules were tested. A scheme is reported in Fig 5C .
We found that PTX3 did not interact with constructs comprising the isolated N-terminal heparin-binding domain, type I repeats (P123), EGF-like type II repeats (E123 domain; Fig 5E) , or type III repeats Ca-1 (Fig 5D) . Notably, E123 binds the gabapentin receptor, a2d-1, also known as the neuronal thrombospondin receptor, and is responsible for the synaptogenic activity of the protein (Eroglu et al, 2009) . Although PTX3 did not interact with E123, both intact PTX3 and the PTX3 N-terminal domain bound a larger TSP1 construct containing E123, the type III repeats, and C-terminal globular domain (E123CaG-1, Fig 5D and E) . The specific interaction between PTX3 and E123CaG-1 but not P123-1 and E123-1 was also observed when PTX3 was immobilized in plastic wells and biotinlabeled TSP1 constructs were added (64% fold increase of OD 450 nm for E123CaG-1 over control buffer: no increase compared to control buffer for the other molecules). Overall, these results indicate that elements within the intricate structure formed by the TSP1 EGF and type III repeats and C-terminal globular domain (Carlson et al, 2008) interact with the N-terminal domain of PTX3. Although E123-1 does not directly bind PTX3, additional studies are needed to investigate a potential indirect involvement of the EGF modules in PTX3 recognition by TSP1.
To investigate the functional consequences of PTX3 and TSP1 interaction, neurons were exposed to (i) full-length PTX3 (1 lg/ml corresponding to 0.0238 lM, 48 h) and TSP1 [5 lg/ml corresponding to 0.0384 lM, 48 h; as described in Christopherson et al (2005) ], either alone or in combination; (ii) the synaptogenic domain of TSP1, E123, which does not interact with PTX3 (Fig 5E) , either alone or together with the full-length PTX3. The synapse number and the synaptic content of GluA were then evaluated by confocal analysis. The results showed that TSP1, or its E123 domain, are able to promote synapse formation when applied either alone or in combination with PTX3 (Fig 5F and G) . Since TSP1 or E123 induces an increase in synapse number and therefore Bsn puncta, the analysis of synaptic GluA content was performed-in this specific case-by evaluating the density of synaptic surface GluA puncta, instead than measuring the (GluA&Bsn/Bsn) value. The results (Fig 5H and I) showed that (i) full-length TSP1 or E123 domain of TSP1 did not affect per se the density of GluA puncta; (ii) co-incubation of PTX3 with full-length TSP1 did not elicit any increase of density of GluA puncta; (iii) whereas co-incubation of PTX3 with E123 domain of TSP1 resulted in significant enhancement of the density of GluA puncta. These data indicate that the ability of PTX3 to increase GluA puncta density is inhibited by coincubation with full-length TSP1, which is able to interact with PTX3 (Fig 5E) , but not with the E123 domain of TSP1, which is not able to bind PTX3 (Fig 5E) . The inhibitory effect of TSP1 on PTX3-mediated synaptic GluA increase was confirmed by the analysis of mEPSC frequency and amplitude showing lack of effect of PTX3 upon co-incubation with TSP1 ( Fig EV5) . Conversely, E123 per se slightly increased mEPSC frequency and amplitude (Fig EV5) , ▸ Figure 4 . PTX3 exerts its effects on AMPA receptors through b1-integrin and MAPK activation.
A Representative images showing 14DIV neurons stained for surface AMPARs (GluA, green), the presynaptic protein Bassoon (blue), and tubulin (red) in the different tested conditions. Arrowheads point to postsynaptic GluA clusters. Scale bar: 5 lm. B Blocking b1-integrins activity by using the specific anti-b1 integrin monoclonal antibody prevents the PTX3-induced postsynaptic AMPAR recruitment (Ctr = 1.000 AE 0.074, PTX3 = 1.504 AE 0.098, aCD29+PTX3 = 0.766 AE 0.097, aCD29 = 0.810 AE 0.108. Number of fields examined: 37, 33, 23, 24 respectively; one-way ANOVA, P < 0.0001 followed by post hoc Tukey test; three independent experiments, data are presented as normalized mean values AE SEM). C Western blotting analysis of p-ERK levels on lysates from control and PTX3-treated neurons upon 30-min stimulation (Ctr = 1 AE 0; PTX3 = 1.453 AE 0.195, six independent experiments, unpaired t-test, data are presented normalized on control and as mean AE SEM). D Representative mEPSC traces recorded from the indicated experimental conditions. E mEPSC frequency quantitation showing that pre-incubation with PD98059 (30 lM) completely prevents the PTX3-dependent increase of mEPSC frequency (Hz, Ctr = 0.911 AE 0.104; PTX3 = 1.748 AE 0.273; PTX3 + PD = 0.518 AE 0.055; PD = 0.491 AE 0.104. Number of neurons: Ctr = 14, PTX3 = 14, PTX3 + PD = 13; PD = 9; three independent experiments. One-way ANOVA, P < 0.0001 followed by post hoc Tukey test as indicated in figure. Data are presented as a distribution plus mean AE SEM). F Inset: average mEPSC amplitude quantitation (pA), Ctr = 14.19 AE 0.70; PTX3 = 19.09 AE 1.71; PTX3+PD = 14.31 AE 0.70, PD = 16.51 AE 1.17. Number of neurons: Ctr = 14, PTX3 = 14, PTX3+PD = 13; PD = 9; three independent experiments. Kruskal-Wallis test, P = 0.015 followed by Dunn's test as indicated in figure, data are presented as a distribution plus mean AE SEM. Cumulative probability plot of mEPSC amplitudes is analyzed with Kolmogorov-Smirnov test: Ctr vs. PTX3: P < 0.0001, D = 0.183, PTX3 vs. PTX3 + PD: P < 0.0001, D = 0.251, PTX3 vs. PD: P < 0.0001, D = 0.157. G Representative images showing 14DIV neurons stained for surface AMPARs (GluA, green), the presynaptic protein Bassoon (blue), and tubulin (red) in the different tested conditions. Arrowheads point to postsynaptic GluA clusters. Scale bar: 5 lm. H Quantification of the surface synaptic AMPARs normalized to the total number of Bsn [(GluA&Bsn)/Bsn] shows a statistically significant increase after PTX3 exposure, while pre-incubation with PD98059 prevents the PTX3-dependent increase (Ctr = 1 AE 0.042, PTX3 = 1.499 AE 0.121, PTX3 + PD = 1.093 AE 0.060, PD = 1.017 AE 0.117; number of fields examined: 49, 15, 15, 20, respectively; one-way ANOVA, P = 0.0002 followed by post hoc Tukey test as indicated in figure; at least three independent experiments, data are presented as normalized mean values AE SEM). I Quantification of surface synaptic GluA upon PTX3 application and simultaneous inhibition of b1-integrin and ERK1/2 signaling pathways reveals no additive effects with respect to single aCD29 or PD applications (Ctr = 1 AE 0.061; PTX3 = 1.828 AE 0.151; aCD29 + PD + PTX3 = 0.766 AE 0.070; PTX3 + aCD29 = 1.043 AE 0.073; PTX3 + PD = 1.016 AE 0.061; PD = 0.969 AE 0.090; number of fields examined: 29, 31, 30, 23, 14, 33, respectively; one-way ANOVA, P < 0.0001 followed by post hoc Dunn's test as indicated in figure; at least three independent experiments, data are presented as normalized mean values AE SEM).
Source data are available online for this figure. ª 2018 The Authors The EMBO Journal 38: e99529 | 2019 possibly because of the E123 ability to bind and activate the a2d1 subunit of voltage-gated calcium channels on presynaptic compartment (Field et al, 2006; Eroglu et al, 2009) and to stimulate presynaptic release (Hoppa et al, 2012) . Altogether, these data demonstrate that TSP1 acts as a negative regulator of PTX3 activity.
Lack of endogenous PTX3 results in weaker excitatory synapses both in vitro and in vivo
The role of astrocytes and astrocyte-derived factors in regulating synapse development and function is well established in literature (Liu et al, 1996; Pfrieger & Barres, 1997; Li et al, 1999; Ullian et al, 2001) . ELISA quantitation of TSP1 and PTX3 levels in the supernatant of astrocyte cultures showed that TSP1 and PTX3 are secreted by astrocytes under basal conditions (0.6 AE 0.1 ng/ml and 2.0 AE 0.3 ng/ml, respectively, data are expressed as mean AE SEM; n = 3), with a PTX3 molar concentration exceeding that of TSP1 (48 pM PTX3 versus 5 pM TSP1). Also, in vivo-in P7 brain-the concentration of PTX3 (3.8 AE 0.5 ng/mg corresponding to 84 pMol, Fig 1A) exceeded that of TSP1 (0.77 AE 0.05 ng/mg corresponding to 6 pmol. n = 7 WT mice, mean AE SEM). Of note, the inhibitory effect of TSP1 to PTX3 was evident in neuronal cultures (Fig 5H-I ) when TSP1 exceeded PTX3 (0.0384 mM and 0.0238 mM, respectively) suggesting that, under basal conditions, the amount of physiologically released PTX3 is sufficient to promote synaptic strength, even in the presence of TSP1.
To directly prove this possibility, synapse formation and function were examined in different experimental settings in which endogenous PTX3 activity was inhibited. First, endogenous PTX3 was functionally inhibited in the medium of WT neuron-astrocyte cocultures by using the N-terminal-specific monoclonal antibody (MNB4), previously characterized as a function-blocking antibody 
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The EMBO Journal 38: e99529 | 2019 ª 2018 The Authors (Scarchilli et al, 2007; Doni et al, 2015) . MNB4-treated cultures displayed a significant reduction in postsynaptic GluA clustering (Fig 6A and B) . No effect was produced by the isotypic antibody.
Second, a significantly lower amount of postsynaptic GluA content was detected in astrocyte-neuron co-cultures established from PTX3 knockout mice (PTX3 KO) with respect to age-matched WT cultures A PTX3 binds TSP1 and TSP2 but not TSP4. Different amounts of human recombinant PTX3 were incubated in microplate wells coated with purified human TSP1 or recombinant TSP2 and TSP4. Binding is reported as absorbance at 450 nm (mean AE SD). Data are from one experiment out of three performed. B N-terminal PTX3 binds TSP1. Binding of PTX3 N-term domain was performed on TSP1 immobilized on plastic wells. Data are reported as absorbance at 450 nm (mean AE SD) and are representative of one out of two experiments performed. C Schematic representation of TSP1 monomer and the TSP1 proteolytic fragments (N-term, C-term) and recombinant domains (P123-1, E123-1, E123CaG-1, Ca-1) used in the study. D PTX3 binds the C-term proteolytic fragment of TSP1. TSP1 and its fragments C-term, N-term, and Ca-1 (type III repeats) were immobilized in plastic wells (5 lg/ml) and binding of PTX3 is reported as absorbance at 450 nm (mean AE SD). Data refers to one out of two experiments performed with similar results. E PTX3 and its N-terminal domain bind TSP1 C-terminal globular domain. 50 nM of P123-1 (type I "properdin" repeats), E123-1 (type II EGF repeats), E123CaG-1 (type II repeats plus type III repeats and globular C-terminus), and TSP1 were immobilized in plastic well. Binding with PTX3 or N-terminal domain (both at 220 nM) was analyzed. Data are reported as absorbance at 450 nm (mean AE SD) and refer to one out of two experiments performed with similar results. F Representative images of 14DIV control and PTX3-treated cultures stained for the presynaptic marker bassoon (blue) and the microtubule protein tubulin (red). Scale bar: 10 lm. G Quantification of synaptic density (Bsn/lm) in the different experimental conditions (Ctr = 0.385 AE 0.029, PTX3 = 0.407 AE 0.032, TSP1 = 0.721 AE 0.039, PTX3+TSP1 = 0.707 AE 0.037, E123 = 0.764 AE 0.047, PTX3+E123 = 0.719 AE 0.041. Number of fields examined: 86, 80, 75, 72, 46, 55 respectively; Kruskal-Wallis test, P < 0.0001 followed by Dunn's test as indicated in figure; at least three independent experiments, data are presented as mean values AE SEM). H Representative images showing 14DIV neurons stained for surface AMPAR (GluA, green), the presynaptic protein Bassoon (blue), and tubulin (red) in the different tested conditions. Arrowheads point to postsynaptic GluA clusters. Scale bar: 5 lm. I Quantification of the synaptic surface GluA density (number of sGluA puncta/lm) in the different tested conditions showing that GluA density increases in neuronal cultures treated with PTX3 or E123 + PTX3 but not in cultures treated with the full-length TSP1 + PTX3 (Ctr = 1.000 AE 0.055; PTX3 = 1.367 AE 0.074; TSP1 = 1.04 AE 0.061; PTX3 + TSP1 = 0.968 AE 0.076; E123 = 0.971 AE 0.063; PTX3 + E123 = 1.613 AE 0.077. Number of dendrites examined: 103, 80, 88, 57, 51, 62, respectively; Kruskal-Wallis test, P < 0.0001 followed by Dunn's test as indicated in figure; at least three independent experiments, data are presented as normalized mean values AE SEM).
( Fig 6C and D) , which occurred in the absence of changes in the density of excitatory glutamatergic synapses (number of PSD95/lm, WT = 0.416 AE 0.043; PTX3 KO = 0.492 AE 0.025; Bsn/lm, WT = 0.355 AE 0.037, PTX3 KO = 0.412 AE 0.031; number of PSD95&Bsn/lm, WT = 0.259 AE 0.028, PTX3 KO = 0.321 AE 0.021. Number of dendrites: 20 WT, 57 PTX3 KO from three independent experiments. Unpaired t-test P = 0.123 P = 0.311; Mann-Whitney test P = 0.172, respectively; data are presented as mean AE SEM). Of note, the synaptic deficits of PTX3-deficient neurons were recovered upon application of PTX3 N-terminal domain, as shown by the increase in mEPSC frequency and amplitude (Fig 6E-G) and by the enhancement of synaptic surface GluA content (Fig 6H and I) . Finally, we recorded mEPSCs from CA1 pyramidal neurons in acute hippocampal slices from PTX3 KO and WT littermates at P9, at the peak of endogenous PTX3 expression (Fig 1A) and the period of functional synapse maturation. Results showed that P9 PTX3 KO mice display weaker excitatory synapses in vivo, as shown by the lower mEPSC frequency (Fig 6J and K) and amplitude (Fig 6L and  M) . Of note, a slight increase of TSP1 expression, rather than a decrease, was detected in P9 PTX3 KO mice with respect to WT ruling out the possibility that decreased mEPSC activity in PTX3 KO slices may be due to lower TSP1 content (qPCR for TSP1: WT = 1.028 AE 0.09276; KO = 1.347 AE 0.09504; Mann-Whitney test, P = 0.040, n = 7 mice, mean AE SEM). Furthermore, lower mEPSC frequency and amplitude in PTX3 KO slices are detectable also at P30, when more mature synapses are present (Fig 6N-Q) . These data indicate that lack of endogenous PTX3 results in defective synapse functioning, which apparently cannot be rescued by other astrocyte-derived factors expressed at later developmental stages (Kucukdereli et al, 2011; Allen et al, 2012; Farhy-Tselnicker et al, 2017) . Collectively, these data demonstrate that either the functional inactivation or the genetic lack of PTX3 results in reduced postsynaptic GluA content and indicate that the endogenous activity of PTX3 is critical for synaptic formation in vivo and that it is not blocked by TSP1. Our finding further indicates that astrocytederived PTX3 is crucial to promote the first wave of synaptogenesis in vivo and that the interplay of TSP1 and PTX3 sets the proper balance between synaptic growth and synapse activity during physiological early brain development.
Discussion
Several cytokines, normally produced in the healthy brain, are now established to play critical roles in almost every aspect of neural development, including neurogenesis, migration, differentiation, synapse formation, plasticity, and responses to injury (Boulanger, 2009; Carpentier & Palmer, 2009; Deverman & Patterson, 2009) . Our study introduces a new humoral innate immunity molecule in astrocyte secretome, PTX3, which adds to previous astrocyte-derived ▸ Figure 6 . Mice deficient in PTX3 have weaker excitatory synapses in vitro and in vivo.
A
Representative images of 14DIV neurons stained for surface AMPARs (GluA, green), Bassoon (blue), and tubulin (red) in the different tested conditions. Arrowheads point to postsynaptic GluA clusters. Scale bar: 5 lm. B Quantification of the surface synaptic AMPARs normalized to the total number of Bsn shows a decrease of the surface synaptic AMPAR clusters upon chronic application of the PTX3 blocking antibody to mixed cultures (Ctr = 1.000 AE 0.063, PTX3 block = 0.694 AE 0.069, isotype Ab = 0.876 AE 0.077. Number of fields examined: 34, 23, 19, respectively; one-way ANOVA, P < 0.0001 followed by post hoc Tukey test as indicated in figure; three independent experiments, data are presented as normalized mean values AE SEM). C Representative images of 14DIV WT and PTX3 KO neurons stained for surface AMPARs (GluA, green), Bassoon (blue), and tubulin (red). Arrowheads point to postsynaptic GluA clusters. Data are presented as a distribution plus mean AE SEM). P, Q (P) No difference in the average amplitude is evident (pA: WT = 11.95 AE 0.589; PTX3 KO = 10.69 AE 0.438; unpaired t-test P = 0.099. Data are presented as a distribution plus mean AE SEM. WT: 10 cells, 4 mice; PTX3 KO: 11 cells, 5 mice); however, the cumulative probability plot of amplitudes (Q) for mEPSCs in WT and PTX3 KO shows that there is a significant shift in the distribution by the Kolmogorov-Smirnov test (P < 0.0001, D = 0.112).
immune molecules acting as modulators of brain development and functionality (Rivest, 2009; Garay & McAllister, 2010) . Pentraxin 3 is a molecule belonging to the humoral arm of innate immunity, involved in innate recognition and clearance of selected microbes and in modulating inflammatory responses. It has also been shown to contribute to ECM architecture and tissue remodeling, playing a non-redundant role in female fertility and in tissue repair processes (Salustri et al, 2004; Doni et al, 2015) . The results presented here show that PTX3 is developmentally regulated during brain development and plays a crucial role in promoting GluA clustering and functional maturation of synapses formed during the first wave of synaptogenesis. This occurs through a process involving the key PTX3 binding partner, TSG6, the remodeling of the perineural ECM and integrins b1 (Fig 7) . Furthermore, we provide evidence that PTX3 interacts with TSP1 and 2 and that TSP1 acts as a negative regulator of PTX3 activity, since the ability of PTX3 to induce GluA clustering is blocked in the presence of exceeding amount of TSP1.
The recruitment of AMPA receptors to the postsynaptic membrane at the nascent excitatory synapses is a critical process in synapse maturation, which allows glutamatergic transmission to become functional (Hall & Ghosh, 2008) . During synapse maturation, PTX3 increases the numbers of functional synapses resulting in a net increase in the frequency of postsynaptic events. Indeed, following PTX3 modulation, a consistent change in both mEPSC frequency and synaptic surface GluA content is detectable. Of note, mEPSC amplitude changes are less robust, in line with literature data, showing that mEPSC frequency is the first parameter to be PTX3, released from astrocytes, binds to hyaluronic acid through TSG6 and activates b1-integrin. b1-integrin controls AMPAR trafficking through downstream MAP kinase activation. Indeed, the PTX3-induced AMPAR enhancement is prevented by (1) genetic removal of the key HA-binding factor, TSG6; (2) neuron exposure to hyaluronidase (HAse, which destroys the extracellular matrix); (3) inhibition of b1-integrin activation; (4) pharmacological blockade of MAPK activation (PD98059).
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The EMBO Journal 38: e99529 | 2019 ª 2018 The Authors modulated by moderate increases of synaptic strength (Saglietti et al, 2007; Sun & Turrigiano, 2011; Sinnen et al, 2017) . Our data demonstrate that astrocytes, besides secreting ECM components and synaptogenic molecules, release PTX3 that acts on the remodeling of ECM and controls synaptic AMPA receptor clustering during synaptogenesis. PTX3, acting through its N-terminal domain and via interaction with TSG6 and ECM molecules, contributes to b1 integrin-dependent increase of AMPARs at the postsynaptic membrane. This process is relevant to the previously described role of another astrocyte-derived immune molecule, TNF-a, which induces the surface insertion of GluA1-containing AMPARs, causing a rapid increase in the frequency of mEPSCs thus shifting neurons toward a more excitable state (Beattie et al, 2002) . However, unlike PTX3, TNF-a acts at mature synapses and operates on a fast time scale, causing a rapid (< 15 min) increase in the number synaptic AMPARs leading to synapse strengthening (Beattie et al, 2002; Leonoudakis et al, 2004) .
Of note, PTX3 expression follows the developmental profile of thrombospondins, expressed by immature astrocytes only during the first week of postnatal development, which corresponds to the initiation of excitatory synapse formation. TSPs, which have a potent effect in increasing the number of synapses, completely fail in promoting synaptic activity. Indeed, thrombospondin-induced synapses, although exhibiting normal postsynaptic densities containing PSD-95, SAP-102, and Homer and being endowed with NMDA receptors, completely lack AMPARs (Christopherson et al, 2005) . Also, TSP1 has been shown to rapidly decrease postsynaptic surface AMPARs in cultured rat spinal cord neurons (Hennekinne et al, 2013) . Early synaptogenesis appears therefore as a tightly regulated two-step process, involving TSPs (first step) which provide the structural assembly of postsynaptically silent synapses and PTX3 (second step) which turns on newly TSP-formed silent synapses, thus possibly representing the previously hypothesized "unidentified astrocyte signal [which] induces postsynaptic function by inserting functional AMPARs into postsynaptic sites" (Christopherson et al, 2005) .
Notably, astrocytes control synapse formation and stabilization also at later developmental stages, when synaptic activity already starts driving the maturation of some synapses and the elimination of weaker ones (reviewed in Chung et al, 2015) , by releasing distinct factors with temporal specificity. Among them, the astrocyte-derived factors, Hevin (Kucukdereli et al, 2011) and glypican 4 (Allen et al, 2012) , are expressed at later stages (second and third postnatal weeks of development) and could stabilize synaptic connections facilitating their maturation-glypican 4 by inducing NPTX1 (Farhy-Tselnicker et al, 2017)-while TSPs and PTX3 would pioneer the first wave of synapse formation. Interestingly, the two proteins share the potential to orchestrate a pericellular interaction network. TSP1 is able to interact with components of the PNN (chondroitin sulfate proteoglycans including aggrecan; Eroglu et al, 2009; Resovi et al, 2014) . Similarly, PTX3 has been shown to be fundamental for a proper organization of the HA-rich ECM through the interaction with key HA-binding components, such as IaI and TSG6, via different sites in the PTX3 N-terminal domain (Salustri et al, 2004; Scarchilli et al, 2007; Baranova et al, 2014) . Our findings that the PTX3-mediated maturation of synapses requires an intact ECM and the presence of the HA-binding TSG6 indicate that the remodeling of the perineural network is a key mechanism of PTX3 activity (Fig 7) . Furthermore, our observation that neuronal exposure to PTX3 did not affect the expression of NP1, NP2, or glypican 4 (Fig EV4E) further supports the hypothesis that PTX3-mediated GluA clustering and glypican 4/NPTX-signaling (FarhyTselnicker et al, 2017) are independent processes. Besides TSP1, additional molecules with potential synaptogenic effects have been shown to bind PTX3, in particular C1q (Li et al, 2002; Yuzaki, 2017) and FGF2 (Terauchi et al, 2010) . However, the involvement of these molecules in the PTX3-dependent increase of AMPARs at the synapse is unlikely. Indeed, C1q binds the C-term domain of PTX3 (Bottazzi et al, 1997; Nauta et al, 2003) which we demonstrated not to be involved in the described protein effect. Also, the binding of PTX3 to FGF2 is inhibited by TSG6 (Leali et al, 2012) which is instead necessary for the PTX3-induced excitatory synapse maturation. TSP1 as well binds to TSG6, through the Nterminal domain, and promotes TSG6 interaction with IaI and IaI association with hyaluronic acid (Kuznetsova et al, 2005) . Both PTX3 and thrombospondins interact with the Link module, the hyaluronan-recognizing domain present in TSG6 and in other ligands of hyaluronic acid including aggrecan. It could be hypothesized that the direct interaction with TSP1 might affect PTX3 binding to ECM ligands and ability to orchestrate PNN composition and organization, a requirement for PTX3 induction of functional synapses.
Astrocytes secrete both PTX3 and TSP1 and hence have the potential to enhance both the number and activity of synapses. Of note, PTX3 and TSP1 display a spatially and temporally overlapped expression also in human brain, being higher in the astrocytes of fetal cerebral cortex (http://web.stanford.edu/group/barres_lab/ cgi-bin/geneSearchMariko.py?geneNameIn=PTX3; http://web.stanf ord.edu/group/barres_lab/cgi-bin/geneSearchMariko.py?geneName In=THBS1; Zhang et al, 2014) . The functional and molecular interaction between the two molecules might represent an additional mechanism of control in the process of early synaptogenesis. Our findings indicate that TSP1 negatively modulates the "synaptogenic" action of PTX3, i.e., the ability of PTX3 to promote AMPARs insertion at the synapse. Conversely, the findings that a2d-1-binding E123-1 domain of TSP1 does not bind PTX3 and that E123-1 activity is not inhibited by PTX3 indicate that PTX3 is not a negative regulatory factor for TSP1 binding to a2d-1.
These data suggest that a control mechanism may be in place, which, under excessive TSP1 concentrations, negatively controls AMPAR insertion and consequent synapse activation, thus avoiding excessive excitation. Of note, PTX3 is induced by primary inflammatory signals (Polentarutti et al, 2000) opening the possibility that increased levels of PTX3 upon prenatal or postnatal CNS infections may enhance brain vulnerability by adversely impacting the process of synapse formation. Indeed, changes of AMPARs content at the synapse have been shown to affect neuronal activity and to be linked to epilepsy (Rogawski & Donevan, 1999; Zhang et al, 2008; Bateup et al, 2013) . Also, traumatic brain injuries-conditions characterized by PTX3 elevations in the brain parenchyma (Zanier et al, 2011; Rodriguez-Grande et al, 2014) -are often followed by abnormal hyperexcitability, leading to acute seizures and epilepsy (Avramescu & Timofeev, 2008; Timofeev et al, 2010) . It has to be noted, however, that also the expression levels of TSP1 and TSP2 are upregulated upon inflammation or injury (Risher & Eroglu, 2012 ), a process which may limit the excessive PTX3-induced activation of ª 2018 The Authors
The EMBO Journal 38: e99529 | 2019 TSP1-induced silent synapses. The relative concentration of the two molecules could therefore be crucial to set the proper balance between synaptic growth and synapse function during physiological and pathological conditions. Under this perspective, the possibility that the interplay between TSPs and PTX3 might change in pathological conditions affecting brain vulnerability is worth being investigated. Wild-type pregnant mice were obtained from Charles River (Calco, Italy). PTX3-deficient mice were generated as described (Garlanda et al, 2002) . TSG6-deficient mice come from Jackson Laboratories (C.129S6-Tnfaip6tm1Cful/J, Strain 012903; Fulop et al, 2003) . Animals were housed and bred in the SPF animal facility of Humanitas Clinical and Research Center in individually ventilated cages.
Materials and Methods
Animals
Cell cultures
Mouse hippocampal neurons were prepared from E18 wild-type (WT) littermates from C57BL/6 mice as described by Fossati et al (2015) with slight modifications. Briefly, hippocampi were dissociated by treatment with trypsin (0.125% for 15 min at 37°C), followed by mechanical trituration. The dissociated cells were plated onto glass coverslips coated with poly-L-lysine at density of 200 cells/ mm 2 . The cells were maintained in Neurobasal (Invitrogen, San Diego, CA) with B27 supplement and antibiotics, 2 mM glutamine, and 12.5 lM glutamate (neuronal medium). To obtain pure neuronal cultures, cytoarabinoside-C (4 lM) has been added at DIV3. Mouse astrocytes were prepared from P2 WT pups, and pure cultures of astrocytes (> 99.5%) were obtained by shaking flasks for 24 h at 37°C at days 2 and 6 after plating (Filipello et al, 2016) . The cells were maintained in EMEM (Life Technologies, Carlsbad, CA, USA), 20% glucose, 1% Pen/Strep (Lonza, Basel, Switzerland) with 10% FBS (EuroClone, Milan, Italy).
DNA constructs, recombinant proteins, and cytokines
Recombinant human PTX3, and the PTX3 C-terminal (C domain) and N-terminal (N domain) fragments were purified under endotoxin-free conditions by immunoaffinity, from the supernatants of stably transfected CHO cells as previously described (Bottazzi et al, 1997; Deban et al, 2010) . Human thrombospondin-1 (TSP1) was purified from thrombin-stimulated human platelets (Taraboletti et al, 1990) . Fragments were produced by digesting TSP1 with thrombin (20 U/ml) at 37°C, O/N. Digestion was stopped by 2 mM phenylmethylsulfonyl fluoride, and digestion products were separated by chromatography on heparin-Sepharose (GE Healthcare Europe, Milano Italy; Margosio et al, 2003) . Human TSP1 constructs E123CaG-1, P123-1, E123-1, and Ca-1 were prepared as secreted proteins from insect cells infected with recombinant baculoviruses as described (Margosio et al, 2008; . Recombinant human TSP-2 and TSP-4 used in some experiments were from R&D Systems (Minneapolis, MN, USA) .
Rat monoclonal antibody anti-PTX3 MNB4 (IgG2a) was obtained as previously described (Camozzi et al, 2006) . The rat isotype control was from AbCam (IgG1; #RTK2071). Hyaluronidase (SigmaAldrich, Milan, Italy) was used at 8 U/ml. PD98059 (Sigma-Aldrich, Milan, Italy) was used 30 lM. CD29 blocking antibody (Biolegend, San Diego, CA, USA) was used 25 lg/ml. IL-1b (Peprotech, rocky hill, NJ, USA) was used 100 ng/ml. Neuronal cultures were transfected with pEGFP-C1 (Clontech, Palo Alto, CA) using Lipofectamine 2000 (Invitrogen) at 12 DIV and fixed at 14 DIV to evaluate dendritic spines.
Microtiter plate binding assays
Pentraxin 3 binding to TSP1 was performed as previously described (Deban et al, 2010) . Briefly 96-well plates (Nunc Maxisorb immunoplates, Roskilde, Denmark) were coated overnight with TSP1 (39-78 nM) in phosphate buffer (PBS ++ ; contains 130 mg/l (1.2 mM) CaCl 2 and 100 mg/l (1.4 mM) MgCl 2 ; Lonza). After blocking of nonspecific sites with 0.5% dry milk in PBS ++ (2 h at room temperature), plates are incubated with 100 ll of PTX3 (1.4-220 nM considering a molecular weight of 45 kDa for the PTX3 monomer) in PBS ++ containing 0.05% Tween 20 (PBST). After washing, plates were first incubated with rabbit anti-PTX3 polyclonal antibody (1:2,000) and then with anti-rabbit-IgG labeled with horseradish peroxidase (HRP: GE Healthcare, Pittsburgh, PA, USA). The chromogen substrate 3 0 ,5,5 0 -tetramethylbenzidine (TMB; 1
Step TM ULTRA TMB-ELISA, Thermo Scientific, Rockford, IL, USA) was added and stopped with 2 N H 2 SO 4 before reading absorbance at 450 nm. Binding to immobilized recombinant TSP-2 and TSP-4 and to the TSP1 fragments C-term; N-term; Ca-1; P123-1; E123-1; and E123CaG-1 all used at 50 nM, was performed following the same procedure. PTX3 N-terminal domain (8.8-220 nM) was also tested in the same setting.
Immunocytochemical staining, image acquisition and analysis
Neuronal cultures were fixed with 4% paraformaldehyde + 4% sucrose, or with 100% cold methanol, depending on the markers. The following antibodies were used: rabbit anti-tubulin (1:100; T3526 Sigma-Aldrich, Milan, Italy), guinea pig anti-Bassoon (1:300; 141004, Synaptic Systems, Goettingen, Germany), mouse anti-PSD95 (1:400; 75-028, UC Davis/NIH NeuroMab Facility, CA), mouse anti-gephyrin (1:500; 147021, Synaptic Systems, Goettingen, Germany), mouse anti-beta III tubulin (1:400; G712A, Promega Corporation, Madison, USA), rabbit anti-tubulin (1:80; SigmaAldrich, Milan, Italy), rabbit anti-aggrecan (1:200; AB1031, Millipore, Billerica, MA, USA), DAPI (1:5,000, Thermo Fisher). Secondary antibodies were conjugated with Alexa-488, Alexa-555 or Alexa-633 fluorophores (Invitrogen, San Diego, CA).
AMPA receptors live staining has been performed with a mouse anti-GluA antibody (1:100; 182411, Synaptic Systems, Goettingen,
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The EMBO Journal 38: e99529 | 2019 ª 2018 The Authors Germany). Cells were stained for 5 0 at 37°C, followed by three washes in KRH buffer [(in mM): 125 NaCl, 5 KCl, 1.2 KH 2 PO 4 , 1.2 MgSO 4 , 25 HEPES-NaOH, 2 CaCl 2 , and 6 glucose at pH 7.4) before fixation with 4% paraformaldehyde + 4% sucrose. Images were acquired using an Olympus FV1000 TIRF confocal microscope equipped with an UPLSAPO 60X OIL NA:1.35 Oil objective at a resolution 1,024 × 1,024. Confocal microscope settings were kept constant among the different conditions in each single experiment.
Analysis of synapse density and mean puncta size were performed using Fiji software (NIH, Bethesda, Maryland, USA) as described in Fossati et al (2015) . Co-localization of two or three selected markers was measured using the boolean function "AND" for the selected channels. The resulting image was binarized and used as a co-localization mask to be subtracted to single channels. The number of the puncta resulting from co-localization mask subtraction was measured for each marker. A co-localization ratio was set as colocalizing puncta/total puncta number. For spine density evaluation, GFP-positive protrusions with the following morphological characteristics were counted: (i) emerging from a parent dendrite; (ii) with a long neck and a visible small head (thin spines: length 41.2 lm, width 0.5 lm); (iii) well-defined neck and a voluminous head (mushroom spines: length ≤ 1.2 lm, width 0.5 lm). At least three dendritic branches were analyzed for each neuron. The number of analyzed neurons is reported in each figure legend. At least three independent replications were performed for each experimental setting.
ELISA immunoassay
For ELISA assay from brain tissue, cortices were solubilized in lysis buffer (Tris-HCl 50 mM, Triton X-100 0.1%, EDTA 2 mM, protease inhibitor cocktail) with Tissue Lyser III (Qiagen, Germany), centrifuged at 1,600 g for 15 min, and then, the supernatant was collected. For ELISA from neurons and astrocytes culture media, the supernatant was collected at the same moment for control or treated samples. To measure murine PTX3 levels, ELISA assay was performed as described in (Doni et al, 2015) . The assay is based on two monoclonal antibodies generated by immunizing Ptx3 À/À mice with recombinant murine PTX3 purified from transfected CHO. The antibodies 2C3 (also known as MnmE1) and 6B11 (also known as Mnme2) are both murine IgG1 and do not recognize human PTX3. Briefly, 96-well ELISA plates (Nunc MaxiSorp, Thermo Fischer Scientific, Roskilde, Denmark) were coated with monoclonal antibody 2C3 anti-mouse PTX3 in coating buffer (15 mM carbonate buffer pH 9.6) and incubated overnight at 4°C. After each step, plates were washed three times with washing buffer (PBS containing 1.17 mM CaCl 2 , 1.05 mM MgCl 2 and 0.05% Tween 20, pH 7.00). Non-specific binding sites were blocked with 5% dry milk in washing buffer. Standard (mouse recombinant PTX3, from 156 pg/ ml to 10 ng/ml) or samples were added in duplicate and incubated for 2 h at 37°C. Then, plates were washed and the biotinylated monoclonal antibody 6B11 anti-mouse PTX3 (25 ng/well) diluted in washing buffer was added. The plates were kept for 1 h at 37°C, washed, and incubated with streptavidin-horseradish peroxidase (Amersham, Milan, Italy) . After 1-h incubation at room temperature, the plates were washed extensively before the addition of 100 ll of tetramethylbenzidine substrate (Thermo Fischer Scientific, Rockford, IL, USA). The reaction was blocked with 2 N sulfuric acid. Absorbance was measured at 450 nm with an automatic ELISA reader. Mean PTX3 content was obtained converting Abs450 values to protein concentration using the standard curve with recombinant purified murine PTX3. Murine TSP1 in the culture supernatants or brain extracts was measured by ELISA (Cusabio, Hubei, China), following the manufacturer's instructions.
Real-time RT-PCR
Total RNA was extracted using TRIzol TM reagent (Invitrogen TM ) following manufacturer's recommendations. RNA was purified using Direct-zol TM RNA miniPrep kit (Zymo Research, Irvine, CA, USA). cDNA was synthesized using 300 ng of total RNA from neuronal cultures and 1 lg from brain tissue by reverse transcription using High Capacity cDNA Reverse Transcription Kit TM (Applied Biosystems TM , Foster City, CA, USA). Relative quantitative real-time PCR to evaluate the expression level of Ptx3 mRNA was performed using 80 ng of cDNA and 400 nM of specific primers in 20 ll while the amplification of np1, np2, tsp1, and glypican 4 was done using 30 ng of cDNA and 250 nM of specific primers in 15 ll of reaction. All qPCR assays were performed using the SensiFAST TM SYBR â low-ROX kit (Bioline, Trento, Italy) on ViiA 7 Real-Time PCR System (Applied Biosystems TM , Foster City, CA, USA) with at least two technical replicates for each data point. The thermal cycling conditions were optimized based on primers' sequences. Data were analyzed with the DDCt method using GAPDH as reference gene and normalized as described in figure legends. Amplification specificity was confirmed by melting curve profile, and the efficiency of qPCR assays was verified by standard curves using serial dilutions of the cDNA. Primers used are the following: gapdh: forward 5 
Cell culture electrophysiology
For mEPSC and mIPSC, whole-cell recordings were performed in cultured neurons at 14 DIV using the following external solution (in mM): 125 NaCl, 5 KCl, 1.2 KH 2 PO 4 , 1.2 MgSO 4 , 25 HEPES-NaOH, 2 CaCl 2 , and 6 glucose at pH 7.4. Miniature excitatory postsynaptic current (mEPSC) was recorded in the presence of bicuculline (Tocris) 20 mM, 2-amino-5-phosphonovalerate (D-APV) (Tocris) 50 mM, tetrodotoxin (Tocris) 1 mM using the following internal solution (in mM): 135 K gluconate, 5 KCl, 2 MgCl 2 , 10 HEPES, 1 EGTA, 2 ATP, 0.5 GTP at pH 7.4. Miniature inhibitory postsynaptic current (mIPSC) was recorded in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione, CNQX (Tocris) 25 mM, APV 50 mM, tetrodotoxin 1 mM using the following internal solution (in mM): 110 KCl, 1 EGTA, 10 HEPES, 2 ATP, 0.5 GTP at pH 7.2. Both mEPSC and mIPSC were recorded from a holding potential of À70 mV using Extracellular solution contained 125 mM NaCl, 5 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM HEPES sodium salt, 2 mM CaCl 2, and 6 mM glucose. Patch pipettes (2.5-4.5 MΩ resistance) made from borosilicate glass (World Precision Instruments, Sarasota, FL, USA) were filled with a potassium gluconate-based solution containing 10 mM KCl, 2 mM MgCl 2 , 10 mM HEPES sodium salt, 130 mM potassium gluconate, 1 mM ethylene glycol tetraacetic acid (EGTA), 4 mM Mg-ATP, and 0.3 mM Tris-GTP. Whole-cell AMPA receptor-mediated currents were measured by holding neurons at À70 mV in the presence of 1 lM TTX, 20 lM bicuculline, 20 lM nifedipine, and 20 lM AP5. 30 lM AMPA was applied locally using a Perfusion Fast-Step System SF-77B (Warner Instruments, Hamden CT, USA) during 5 s and then washed. Recordings were performed at room temperature in voltage-clamp mode using an Axopatch 200b amplifier (Molecular Devices) and pClamp-10 software (Axon Instruments). Series resistance ranged from 5 to 20 MO and was monitored for consistency during recordings. Cells with leak currents > 200 pA or Vm > À40 mV were excluded from the analysis. Signals were amplified, sampled at 10 kHz and filtered to 4 KHz, and acquired using pClamp 10 data acquisition program. Analyses were carried out using Clampfit-10.6 software. Traces were low-pass-filtered at 1 KHz. Whole-cell AMPAR-mediated current currents were calculated as the maximum peak of the current divided by cell capacitance (current density).
Electrophysiology in brain acute slices
To obtain acute hippocampal slices, PTX3
À/À and WT littermates aged 8-9 days were deeply anesthetized with isoflurane inhalation and decapitated. Brains were removed and placed in ice-cold solution containing the following (in millimolar): 87 NaCl, 21 NaHCO 3 , 1.25 NaH 2 PO 4 , 7 MgCl 2 , 0.5 CaCl 2 , 2.5 KCl, 25 D-glucose, and 7 sucrose, equilibrated with 95% O 2 and 5% CO 2 (pH 7.4). Coronal slices (300 lm thick) were cut with a VT1000S Vibratome (Leica Microsystems) from the hippocampus. Slices were incubated at room temperature for at least 1 h, in the same solution as above, before being transferred to the recording chamber. During experiments, slices were perfused at 2.0 ml/min with artificial cerebrospinal fluid (ACSF) containing the following (in millimolar): 135 NaCl, 21 NaHCO 3 , 0.6 CaCl 2 , 3 KCl, 1.25 NaH 2 PO 4 , 1.8 MgSO 4 , and 10 D-glucose, aerated with 95% O 2 and 5% CO 2 (pH 7.4). Cells were examined with a BX51WI upright microscope (Olympus) equipped with a water immersion differential interference contrast (DIC) objective and an infrared (IR) camera (XM10r Olympus). Neurons were voltage (or current) clamped with a Multiclamp 700B patchclamp amplifier (Molecular Devices, Union City, CA) at room temperature. Low-resistance micropipettes (2-3 MO) were pulled from borosilicate glass. The cell capacitance and series resistance were always compensated. Experiments in which series resistance did not remain below 10 MO (typically 5-8 MO) were discarded. Input resistance was generally close to 100-200 MO. Synaptic currents were low-pass-filtered at 2 kHz, sampled at 10 kHz using DIGIDATA 1440 (Axon Instruments, USA), and analyzed with the pClamp 10.6 data acquisition and analysis program (Molecular Devices). Recordings were made from hippocampal CA1 pyramidal neurons. For miniature excitatory postsynaptic current (mEPSC) recordings, 1 lM TTX, 20 lM bicuculline, and 50 lM AP5-(Tocris) were added to the ACSF. Pipettes contained (in millimolar): 135 K+-gluconate, 1 EGTA, 10 HEPES, 2 MgCl 2 , 4 Mg-ATP, and 0.3 Tris-GTP (pH 7.4).
Western blot
14DIV hippocampal cultures were lysed in lysis buffer with 5% SDS and analyzed by Western blotting using mouse anti-phospho ERK1/2 (1:1,000, M8159, Sigma-Aldrich, Milan, Italy), rabbit anticalnexin (1:2,000, c4731, Sigma-Aldrich, Milan, Italy), rabbit anti-SHANK2 (1:2,000; 162202, Synaptic Systems, Goettingen, Germany), mouse anti-PSD95 (1:10,000; UC Davis/NIH NeuroMab Facility, CA), rabbit anti-SV2a (1:2,000; 119002, Synaptic Systems, Goettingen, Germany), guinea pig anti-vGlut1 (1:1,000; 135304, Synaptic Systems, Goettingen, Germany), mouse anti-SNAP-25 (1:100,000; SMI81 Sternberger Monoclonals, Baltimore MD), rabbit anti-GAPDH (1:4,000, 247002, Synaptic Systems, Goettingen, Germany). Membranes were washed and incubated for 1 h at room temperature with the secondary antibody anti-mouse or anti-rabbit HRP conjugated (Thermo Fisher, Waltham, MA, USA). Blots were scanned using a ChemiDoc-MP system (Bio-Rad, Segrate, Italy). Optical densities were measured using the Fiji software (NIH, Bethesda, Maryland, USA) with local background subtracted as described Fossati et al (2015) . For each sample, calnexin was used as a loading control.
Biotinylation assay
Control or PTX3 treated neuronal cultures from DIV 14 were washed twice with phosphate buffer saline containing 0.3 mM CaCl 2 and 1 mM MgCl 2 (PBS ++ ) and then biotinylated twice using 0.5 mg/ml of sulfo-NHS-SS-Biotin (Thermo Scientific) dissolved in PBS ++ for 10 min at 4°C with gentle agitation. The labeled neurons were then incubated for 10 min with 50 mM glycine in PBS ++ to quench free biotin. After glycine incubation, the neurons were washed a 4°C with ice-cold PBS ++ . The neurons were then incubated with the lysis buffer [Tris-HCl pH 8.9, 0.1 mM PMSF, 1% SDS, and phosphatase inhibitor mixture 1 (diluted 1:100) and mixture 2 (Sigma)] and passed 10 times through needles of different sizes (from 18G to 25G, BD Microlance, USA) and then centrifuged (20,000 g for 20 min at room temperature). Protein content of the supernatants (total receptors) was evaluated by using BCA protein assay (Pierce Chemical, Rockford, IL). Equal amounts of protein (150-600 lg) were incubated with streptavidin beads (Sigma-Aldrich, USA) to isolate the biotinylated proteins overnight at room temperature. The resins were then washed by centrifugation and the proteins eluted from the streptavidin beads (surface receptors) using Laemmli sample buffer and subjected to SDS-PAGE followed by Western blotting. Briefly, the samples from control or PTX3 treated neurons were diluted 1:1 (v/v) with Laemmli buffer, separated by means of SDS-polyacrylamide gel electrophoresis using 7.5% acrylamide, and electrophoretically transferred to nitrocellulose membranes with 0.45-lm pores (Schleicher and Schull ll, Dassel, Germany). In each lane of control or PTX3-treated samples, 1% of the total lysate and 3.5% of the biotinylated samples were loaded for the analysis with anti-GluA2/3 Abs; 3% of the total lysates and 10.5% of the biotinylated samples were loaded for the analysis with anti-GluA1 and GluA4 Abs. The blots were blocked overnight in 4% non-fat milk in Tris-buffered saline, washed in a buffer containing 4% non-fat milk and 0.3% Tween 20 in Tris-buffered saline, and incubated for 2 h with the primary antibody at the following concentrations or dilutions : GluA1 and GluA2/3 (1 lg/ml); GluA4 (1:1,000; 182303, Synaptic System, Goettingen, Germany); and anti-transferrin receptor (1:1,000; 13/6800, Life Technologies, Milan, Italy). Blots were then incubated for 1 h with the appropriate secondary antibody (anti-rabbit Ly-Cor IRDye800RD; anti-mouse Ly-Cor IRDye680RD). After another series of washes, the membranes were dried overnight in the dark at room temperature. The IR signal was measured using an Odyssey CLx-Infrared Imaging System. The signal intensity of the Western blot bands was quantified using iStudio software. The optical density ratio was calculated by taking the optical density of the control as 100%. The data are expressed as mean values AE SEM of four independent experiments using each antibody. We used affinity-purified, subunit-specific polyclonal antibodies (Abs), produced in rabbit against peptides derived from the C-terminal (COOH), N-terminal (NH) of mouse and AMPAR GluA1 and GluA2/ 3 subunits. The specificity of the affinity-purified GluA1 and GluA2/ 3 abs was previously tested by Western blotting as reported in (Pistillo et al, 2016) . All other reagents (PMSF, proteases inhibitors, chemicals) were from Sigma-Aldrich.
Statistical analysis
Statistical analysis was performed using Prism6 (GraphPad); data are presented as mean AE SEM from the indicated number of experiments. After testing whether data were normally distributed or not, the appropriate statistical test, followed by specific multiple comparison post hoc tests, has been used as indicated in figure legends. Kolmogorov-Smirnov test was used to determine significance in cumulative distributions of mEPSC amplitudes. Differences were considered to be significant if P < 0.05 and are indicated by one asterisk; those at P < 0.01 are indicated by double asterisks; those at P < 0.001 are indicated by triple asterisks; those at P < 0.0001 are indicated by four asterisks.
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